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HISTORICj\L  Ii-..a’HuDUCTIOH  -  GEl'iBiif'i 


HISTORICAL  IHTHOLUCTIOH 
-  OEHEHAL  - 

The  purpose  of  this  work  is  to  determine  tne 
surface  areas  of  cnarcoa.ls  of  different  degrees  of 
activation  by  the  adsorption  of  organic  acids  from 
aqueous  solutions  and  'by  the  adsorption  of  hutamie  a.nd 
nitrogen;  and  conversely,  to  use  charcoals  .of  different 
degrees  of  activation  as  a  tool  to  elucidate  the  re¬ 
lation  betv/een  adsorption  and  the  molecular  structures 
of  organic  acids  and  otner  molecules* 

Various  methods  for  determining  the  surface 
areas  of  porous  materials  have  'been  proposed.  Probably 
the  most  effective  of  these  us  calculation  of  the  area 
from  determina.tions  of  tne  maximum  aruounts  of  solutes 
a.dsorhed  from  solution,  or  of  gases  adsorbed  on  the 
surface  of  the  solid.  Ihile  this  method  ma,y  not  yield 

the  total  surface,  it  provides  us  with  a  measure  of 
the  surfa.ce  accessible  to  these  molecules,  an  important 
consideration  in  Chemustry. 

Adsorption  may  be  one  or  both  of  two  types, 
physical  a.dsorption,  in  which  the  adsorbed  layer  is 
held  by  Van  der  Waal^s  forces,  and  chemical  adsorption, 
in  which  it  is  held  by  chemical  bonds.  The  type  en¬ 
countered  in  tnis  work  is  physical  adsorption. 
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Tne  a  ..ouiit  of  piiyssical  adsorption  nas  been 

found  to  be  a  function  of  tne  temperfiture ,  pressure 
and  tne  nature  of  adsorbate  and  adsorbent.  In  detei 
ifiining  suifa.ce  areas,  usually  only  the  pressure  (in 
the  case  of  gases)  or  concentrat ion  (in  the  case 
of  solutions)  is  altered.  A  grapii  of  tne  amount 
adsorbed  per  unit  weight  of  adsorbent  against  the 
pressure  or  concentrat ion  results  in  a  curve  knovm 
as  an  isotherm, 

Tnese  isotherms  may  a-ssume  va,rious  snapes 
dependent  on  tne  type  of  adsorption.  Charcoal 
generally  exhioits  the  simplest  of  these.  It  rises 
snarply  at  first  and  gradually  becomes  para^llel  to 
the  pressure  a.xis  as  the  pressure  is  extended,  (see 
belov/) . 


This  type  of  adsorption  has  been  given  tne 
most  successful  interpretation  by  Langmuir  (1),  who 
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proposed  an  equation  based  on  unimolecular  adsorp¬ 
tion:  - 


y  =  P  b  n _ 

1  +  p  n 

\7nere  y  is  tne  quantity  of  substance 
adsorbed  per  gram  adsorbent j  p  is  the  pressure 
(or  concentrat ion)  and  n  a.nd  b  are  constants  which 
hold  for  a  given  system,  Tnis  equa/Gion  may  be 
resolved  into  an  equation  for  a-  straight  line,  thus: 

J:™  4. 

y  bn  b 

The  maximum  amount  adsorbed  can  be  calcu¬ 
lated  from  the  inverse  slope  of  the  graph  of  P/y 
against  P. 

Emmett #  Brunauer  and  Teller  (2)  have 
extended  this  principle  to  all  types  of  isotnerms 
and  have  developed  equations  applying  to  multi- 
molecular  adsorption  and  capillary  condensation. 

Many  workers  have  measured  surface e  area.s 
by  adsorption  from  solutions,  the  most  popular 
adsorbates  being  the  lower  fatty  acids  a.nd  alcohols. 

Paneth  and  Radu  (3),  finding  tha.t  dyestuffs 
adsorbed  in  a  unimolecular  layer  on  diamond,  assumed 
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tnat  tills  also  ap^jlied  to  charcoals,  and  determined 
the  areas  of  charcoals  'by  a.dsorpti.on  of  dyestuffs, 
lead  nitrate  and  acetone  in  aqueous  solutions.  Tney 
attributed  the  viride  variations  in  areas  found  to  tne 
screening  effect  of  small  pores. 

Garner,  McKie  and  itnight  (4)  offer  the 
follovving  criteria  in  choosing  adsorbates  for 
measurements  of  a,reas  of  porous  materials: 

(1)  the  longest  molecular  dimension  should 
be  smaller  tnan  tne  radius  of  the  smallest  capillary 
in  the  porous  body, 

(2)  the  molecule  should  be  ce^pable  of 
packing  easily  in  the  surface  and  in  such  a  manner 
thah  the  la/teral  forces  between  the  adsorbed  molecules 
increase  the  stability  of  the  film, 

(3)  the  adsorbed  molecules  should  be  so 
oriented  on  the  surface  tnat  the  exposed  groups  of 
the  molecules  of  the  first  layer  exert  vveak  sub- 
siduary  valency  forces  on  the  second  layers,  thus 
reducing  the  tendancy  to  form  mult ila.yers.  On  the 
basis  of  these  criteria,  Lemieux  and  Morrison  (5) 
chose  aqueous  solutions  of  short  chain  fa.tty  acids 
to  determine  the  surfaxe  area.s  of  cha^rcoals. 

.  hinner  a.nd  Gortner  (6)  measured  the 
adsorption  of  various  acids  on  norite  in  an  attempt  to 
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correlate  molecular  structure  and  adsorba,Dil ity . 

Tney  concluded  tnat  'branciiing  of  tne  hydrocarbon 
Ciiain  has  little  effect  on  total  adsorption  but 
that  an  increase  in  the  number  of  carboxyl  groups 
decreases  adsorption.  The  rela.tive  adsorption  aree.s 
of  the  acids  were  computed,  based  on  the  value  of 
21 for  acetic  acid,  hone  of  tnese  exper merits 
was  carried  out  to  saturation  adsorption,  however, 
and  they  suggest  tnat  a  more  valid  method  for 
determining  the  effect  of  molecular  structure  is  to 
corapare  the  a.dsorption  values  obta.ined  for  a  satura.- 
ted  solution. 

The  present  work  is  a  continuation  of  the 
invest iga.t ion  started  by  Lemieux  and  Morrison  {5), 

The  series  of  cnarcoals  used  here  is  the  sajne  8.s 
the  one  employed  by  them  with  the  exception  of  Charcce.,  1 
8,  of  which  the  supply  was  inadequate*  The  adsor¬ 
bates  they  used  were  acetic,  propionic,  butyric, 
valeric  and  benzoic  axids,  -while  the  additional 
acids  employed  here  Y^ere  caproic,  isobutyric, 
isovaleric,  tr imethylacet ic ,  crotonic,  oxalic, 
malonic,  succinic,  gluta.ric,  adipic,  fumaric  and 
maleic.  Further,  adsorption  iso-therms  for  butane 
and  nitrogen  were  measured. 

The  W'Ork  of  Lemieux  and  Morrison  has 
indicated  unimolecular ity  of  adsorption  and  has 
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given  mucli  information  as  to  tlie  porosity  of  the 
samples, 

Trost  and  Morrison  (7)  investigated  the 
effect  of  overactivation  a.nd  found  that  it  v/as  accom¬ 
panied  Dy  a  decrease  in  surface  area, 

Kisselev  and  Shcherbakova  (8)  ,  .working  w^ith 
organic  acids  s.nd  alcohols  and  a  single  charcoal, 
attempted  to  snow  tnat  tne  adsor'ba.te  is  forced  out 
of  solution  filling  the  pores  of  the  a-dsor'bent. 

An  attempt  is  made  in  the  present  work  to  recon¬ 
cile  their  experimental  results  with  those  of 
Lemieux  and  Morrison,  at  the  same  time  indicating 
a  fundamental  difference  in  interpretation. 
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Materials :  -  Tiie  ma.terials  employed  in  this  work  were:. 
Caproic  acid,  C.P. ,  Fisher  Scientific  Company 
Isobutyric  acid,  Eastman  Koda.k  Company 
Isovaleric  acid,  Eastman  Kodak  Company 
Tr imethylacet ic  ax'id,  Ea-stman  Kodak  Company 
Crotonic  acid,  practica,!  gra.de  recrystallized, 

Eastman  Kodak  Company 
Oxalic  acid,  technical  grade  recrystallized, 

Central  Scientific  Compa.ny 
Malonic  acid,  Eastman  Kodak  Company 
Adipic  acid,  British  Drug  houses  Limited 
Succinic  acid,  Eastma.n  Kodak  Company 
Fuimric  axid,  practica.1  grade  recrystallized, 

Eastman  Koda.k  Company 

Maleic  acid,  recrystallized,  British  Drug  Houses 

Limited 

Potassium  acid  phthalate,  reagent,  Merik  k  Company, 

Inc. 

Helium  ga.s,  Ohio  Chemical  and  Mfg.  Co. 

Butane  gas,  C.P.  ,  Ohio  Chemical  and  Mfg.  Co. 
Trimethyiene  bromide,  technical,  Eastman  Kodak  Company 

Glutaric  3xid  Viras  not  ava-iiahle  but  was  pre¬ 
pared  from  trimethylene  bromide  by  the  hydrolysis 
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of  its  cyanide  (9).  Tne  nitrogen  used  v/as  tank 
nitrogen  purified  by  passage  over  red  hot  a.ctive 
cox'Jper,  phosphorous  pentoxide  a,nd  soda  lime. 

As  stated  aoove,  the  same  series  of  cnar- 
coals  V7as  employed  here  as  that  used  'by  Lemieux 
and  Morrison  with  the  exception  of  number  8  of 
v/hich  the  supply  wa.s  inadequate.  The  da.ta .  supplied 
w’itn  these  charcoals  is  given  in  ta,ble  I. 


TABLE  I 


Charcoal  Data  (Gharge  55)  ^ 


Charcoal  Sample  ho. 

Volume  Activit;/ 

jig  density 

1 

1.5 

1.140 

2 

3.8 

1.103 

3 

6.2 

1.066 

4 

11.4 

1.036 

5 

11.6 

1.034 

6 

17.3 

0.969 

7 

21.7 

0.933 

Procedure 

Chare  o al  We ight s ;  - 

The  true  freights  of  tne  charcoals  ¥/ere  deter¬ 
mined  by  heating  each  of  the  seven  samples  to  C 
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under  reduced  pressure  in  a  tube 

as  shov/n  and  noting  the  change 
in  v/eight.  T^is  correction  v/as 
applied  to  all  sa.mples  v;eighed 
out  during  the  experiments. 


I .  Adsorption  froiii  Solution 

Tne  procedure  described  by  Lemieux  and 
Morrison  was  follo'wed  with  slight  rnodif icat ions*  In 

general  it  was  as  follows:  « 

A  1  g.  sample  of  the  cha,rcoa-l  was  wei'gned 
into  a,  250  ml*  ground  gla,ss  stoppered  erlenmeyer 
flask.  this  was  added  100  ml*  previously  sta^nda^r- 

dized  acid  solution  and  the  wnole  was  allowed  to 
sta.nd  with  frequent  shacking  until  equilibrium  was 
reached,  as  indicated  by  a  cessation  of  gas 
evolution.  Ti:o  25  ml.  samples  v/ere  then  taken  and 
titrated,  the  difference  between  the  normalities 
of  the  origional  and  fina*l  solutions  giving  the 
araount  adsorbed.  This  procedure  was  repea.ted  for 
ea.ch  cnarcoal  and  for  four  to  five  cone  entrant  ions 
near  the  limit  of  solubility  of  the  adsorbate. 

Thus  several  points  on  tne  upper,  saturated  portion 
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of  the  Langmuir  isotherm  were  obtained.  The  average 
of  these  gives  the  laa^ximum  amount  of  acid  adsorbed. 

hue  to  tne  great  solubility  of  malonic, 
glutaric  and  maleic  acids,  smaller  amounts  of  solu¬ 
tion  and  larger  samples  of  charcoe.!  h3.d  to  be  used. 
Here  25  ml.  portions  of  acid  solutions  were  added 
to  4  g,  of  ciia.rcoals  1,  2,3  and  4^  a.nd  3  g.  of  5,  6 
and  7  in  50  ml,  erlenmeyers.  Tnese  were  corked 
and  alloY/ed  to  stand  for  7  to  8  ds.ys  until  gas 
evolution  ceased  and  tv/ o  10  ml,  samples  v/ere  ta.ken 
and  Li  traced.  As  before,  four  or  five  points  were 
determined  a-nd  averaged. 

These  two  methods  v/ere  compared  using 
succinic  acid  and  v/ere  found  to  agree  v/itnin  expert- 
menta.l  errors. 

^he  time  to  saturate  tw^o  of  the  charcoals 
with  various  adsorbates  was  determined.  This  was 
accomplished  by  psing  seven  erlenmeyers  containing 
1  g,  samples  and  100  ml,  of  solution.  The  time 
of  immersion  of  the  cha.rcoal  was  noted  a.nd  tne 
erlenmeyers  were  sampled,  one  a.t  each  interval 
of  1/2,  1,  2,  4,  8,  16  and  24  hours.  This  procedure 
was  follov/ed  for  tne  normal  fatty  acids  on  charcoals 
3  and  7 , 
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II*  Adsorption  of  Buta^ne  and  Nitrogen  ; 

For  this  work  it  was  necessary  to  construct 
an  apparatus  similar  to  that  described  by  Eimnett  (10) 
and  others.  This  apparatus  used  is  shown  diagramati- 
cally  in  figure  1  and  in  the  photograph. 

The  essential  parts  witn  reference  to  figure 
1  are:  an  adsorption  bulh  A,  a  calibrated  gas  bur¬ 
ette  B  with  water  jacket,  a  manometer  M,  a  Me  i^eod 
gage  G  (to  ascertain  the  order  of  magnitude  of  the 
vacuum) ,  burbs  for  storage  of  gases  h,  I,  J  and, 
finally,  a  diffusion  pump  D  backed  by  a.n  oil  pump 
(not  shovm) .  Mercury  is  raMsed  or  lowered  in  G,  B 
a.nd  M  by  pressure  or  suction  in  mercury  reservoirs 
R,  S  and  T. 

The  gases  used  were  allov-red  to  enter  tne  , 
evacuated  bulbs  through  purifying  traps.  For 
nitrogen,  the  trap  was  immersed  in  liquid  amr, 
for  butane,  the  trap  was  imraersed  in  an  ice  bath 
and  for  heliuxn,  the  trap  contained  charcoal  and 
v/as  immersed  in  liquid  air.  The  pressures  of  the 
stored  gases  were  measured  by  manometers  H,  0 
and  P, 

At  tne  beginning  of  an  experiment,  a  bulb 
containing  0.2  to  0.25  g,  of  tne  charcoa,!  v/as  fused 
to  the  system.  Adsorbed  v/ater  and  gases  v/ere  re- 
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moved  ’by  heating  to  300°  C  for  one  hour  under  vacuum. 

When  this  v;as  complete  the  sa.mple  v/as  cooled, 
stopcocks  4,  6  and  7  v/ere  closed  and  pumping  stopped. 
The  mercury  was  rahsed  in  M  and  amount  of  helium 
v/as  allowed  to  enter  B  through  stopcocks  3  and  5, 

Tne  volume  aiid  pressure  were  noted  and,  with  5  closed, 
6  was  opened.  Prom  the  new  reading  of  the  manometer 
M,  tne  dead  space  around  the  chare oa.l  in  A  viras  deter¬ 
mined,  since  the  adsorption  of  helium  is  neglig’-i'ble. 

The  system  ?tras  again  evacuated  and,  after 
immersing  A  in  liquid  air,  a  sa^mple  of  nitrogen  vms 
taken,  similar  to  helium,  and  allowed  to  expand  into 
A.  The  difference  in  the  pressure  drops  of  nitrogen, 
as  compared  with  helium,  gave  the  amount  of  adsorption 
of  nitrogen.  Successive  samples  of  nitrogen  were 
a^dmitted  to  the  "burette  and  then  to  the  adsorption 
bulb  to  give  the  adsorption  for  different  pressures. 
The  same  procedure  was  followed  in  making  adsorption 
measurements  with  Duta.ne  after  re|)lacing  the  liquid 
air  bath  "by  an  ice  water  bath.  The  nitrogen  was 
desorbed  by  hearting  a,nd  eva^cuation  prior  to  the 
butane  adsorption. 

In  calculating  the  amounts  of  adsorption  of 
tnese  gases  all  volumes  ¥/ere  referred,  to  S.T.P.  The 
amount  of  adsorption  (Va) ,  then,  was  simply;  - 
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Va  = 

wiiere:  V3  « 

Vd  = 


V3  f  -  V-t,  -  Vd 

gas  volume  in  burette  before  adsorption, 
amount  of  residual  ga,s  in  dead  space 


folloY/ing  previous  adsorption, 

=  ainount  of  gas  in  burette  follov/ing 


adsorption 

s  amount  of  gas  in  adsorption  bulb 
follovmng  adsorption, 

Tbe  values  of  Vp)  and  Vd  ^'lad  to  be  corrected 
for  the  imperfection  of  the  gases.  These  are  as 
follows:  - 


Kg,  +  at  80°  K 

jS-C4  H  ,  t  10.8^5  at  273°  K 
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Trie  maximum  num'ber  of  miilimoleE  of  acid 
a.dsor'bed  are  given  in  table  IV.  These  include  the 
acids  determined  by  Lemieux  and  Morrison  to  provide 

a  more  complete  picture* 

The  equilibrium  times  for  the  s^dsorption  of 
acids  from  solution  v;ere  measured  on  ciiarcoa.ls  3  and 
7  and  are  given  in  table  II 


1Vl8L£  I  I 


Lquilibr ium 

Times  of 

from  Solution 

Adsorba^te 

on  Charcoals 

Charcoal  3 

Charcoal  7 

Acetic  Acid 

16  hours 

4  hours 

propionic  Acid 

16  hours 

4  hours 

Butyric  Acid 

10  hours 

6  nours 

Valeric  Acid 

8  hours 

10  hours 

Caproic  Acid 

4  hours 

16  hours 

For  the  adsorption  of  butane  anid  nitrogen, 
the  adsorp^tion  isotherms  are  shown  in  figures  2  and 
3*  Since  all  the  curves  follow  the  Langmuir  with  tne  ex¬ 
ception  of  nitrogen  on  cnarcoal  1,  the  maxirnura  a.dsorp- 
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tion  was  obtained  ’by  plotting  P/V  against  P,  tne 
slope  of  tne  line  giving  l/vm,  wiiere  to  is  the  maximum 
volume  adsorbed.  The  value  of  to  for  nitrogen  on 
charcoal  1  was  found  in  the  same  way  "but  only  the 
points  on  the  section  of  tne  curve  following  Langrauir’s 
equation  were  used.  These  graphs  a.re  shown  in  figuires 
4  and  5,  and  the  values  for  vm  are  given  in  table  III, 

_ 

Maximum  Adsor^otion  of  Gases  in  Mill imol e s 
Gram  of  Charco a Jg 

Adsor'ba.te  Char  c  o  al  humh  e  r 

1  2  3  4  5  6  7 

h-Butane  0.95  2.03  2.38  3.68  3.93  4,14  4,64 

iUtrogen  4,80  6,38  7.59  10,0  li.l  11.8  14.6 


Duplicate  runs  were  made  on  certain  of  the 
cnarcoals  a.nd  were  found  to  he  in  sa.tisfactory  agree- 


merit 
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TAjIlI]  IV 

MAXIl;iUM  XU^ALbEK  OE  MIi.i.IMOLES  ACID  ADSOiiBED 
PEH  GHiUd  CHAKCuAL 

Acid 


Adsorbate  Chare oai  dumber 


1 

2 

5 

4 

;  5 

,6 

7 

Acetic 

2.15 

2.55. 

2,85 

3.22 

5 . 25 

3.70 

4.00 

Propiorj  ic 

1.65 

2.04 

2.47 

2,91 

2,93 

5.46 

5.  75 

Butyric 

1.24 

1.66 

2.06 

2,65 

2,74 

3,45 

5.84 

valeric 

0.88 

1.31 

1.75 

2,40. 

2.41 

3,18 

5,66 

Caproic 

0.75 

1.10 

1.52 

1,96 

2.04 

2.65 

5,00 

Isobutyiric 

0.70 

1.20 

1.60 

2.50 

2,64 

5.20 

5,50 

IsovaAeric 

0,55 

0.97 

1.24 

1,85 

2.18 

5,01 

3.14 

Tr imethyl- 
Acet ic 

0.57 

0.75 

1.00 

1,58 

1.85 

2.65 

2.90 

Cro tonic 

1.10 

1.61 

2,10 

2.70 

2.79 

5.40 

5.95 

Oxalic 

1.27 

1.56 

1.74 

2.00 

2.15 

2,40 

2.54 

Malonic 

0.60 

0.78 

1.09 

1.40 

1.52 

1.62 

1.87 

Succinic 

0.61 

0.91 

1.22 

1.70 

1.78 

2 , 18 

2.29 

Glutaric 

0.25 

0.42 

0,82 

1.10 

1.15 

1.49 

1,69 

Adipic 

0,45 

0.68 

0.99 

1.48 

1.44 

1.88 

9 

O 

CD 

EUiiia,r  ic 

1.02 

1.38 

1.74 

1.96 

2,14 

2.50 

2.64 

Maleic 

0.67 

1.02 

1.52 

1.70 

1.71 

1.98 

2.18 

f 


i 
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J^ISCUSSIOH  OT  _ 

Introdu  ct  ion;^  - 

Tile  results  obtained  for  nitrogen  and  butane 
compared  well  witli  tnose  obtained  by  Pineman,  Guest 
and  McIntosh  {11}  on  a  similar  charcoal  series* 

Values  for  outyric  acid  on  cnarge  35,  ooteMned 
by  the  author,  were  found  to  be  in  complete  agreement 
with  those  found  by  Lemieux  and  Morrison  and  in 
reasonefole  a,greement  with  the  results  obtained  by 
Kisselev  and  Shcherbakova  (8)  (as  w^ill  be  seen  belov/)» 
Linner  and  Gortner  (6) ,  also  reported  values  of  tne  • 
same  order  of  magnitude  as  tnose  presented  here, 
using  the  same  adsorbates  on  norite  decolorising 
cnarcoal* 

It  must  be  appreciated,  however,  tna,t 
complete  agreement  is  impossible  between  two  differ¬ 
ent  cha-rcoaMs  since  the  structure  of  any  chare oa.l 
depends  on  its  history.  In  fact,  variations  were 
found  GO  occur  between  samples  taken  from  different 
parts  of  the  samie  charge  at  the  same  time. 

Orientation  and  Unimolecula-rit^ 

Kisselev  and  Shcherbakova  worked  with  a  single 
charcoal.  They  found  the  volume  adsorbed  for  va.rious 
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su io stances  from  v;ater  solutions.  in  every  case 
(except  acetic  and  propionic  acids)  bnese  volumes 
were  the  same.  Tnis  led  them  co  the  conclusion  tnat 
adsorption  is  accompanied  hy  a.  filling  of  the 
micropores  'by  solute  forced  out  of  solution.  The 
absence  of  any  screening  effect  is  implicit  in  this 
interpretation. 

Lerxiieux  and  Morrison  on  the  other  riand 
interpreted  their  results  as  indicating  unimolecu- 
larity  of  the  adsorption  layer. 

Let  us  now  attempt  to  expl ahn  tne  results 
of  Lemieux  and  Morrison  on  the  basis  of  the  inter¬ 
pretation  of  Kissel ev  and  Sncherbakova.  This  is 
facillta/ted  by  plotting  the  volume  adsorbed  agahnst 
the  volume  activity  (figure  6).  In  tne  absence 
of  a  screening  effect,  the  volume  a.dsorbed  would 
be  tne  S3;iiie  for  all  acids  on  BJiy  one  cha,rcoal. 
Obviously  this  is  not  the  case  amid  the  volume  a.d- 
sorbed  is  seen  to  increase  with  the  size  of  tne 
molecules.  Thus  this  interpretation  is  not  applicable 

Volume  a.ctivity  is  an  empirical  routine  test 
of  the  retentivity  of  CCl  It  is  an  approximate 

mes,sure  of  tiie  pore  voluxaes  accessible  to  CC1,« 
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to  all  ensure ooJLs. 

A  comoination  of  screening  effect  and  oriented 
uniniolecular  adsorption  as  proposed  Dy  Lemieux  and 
iviorrison,  however,  accounts  for  tnese  results.  At 
lower  activations,  the  a.dsor'bed  volumes  of  the  larger 
molecules  are  reduced  hy  screening.  At  tne  higher 
activations,  the  numbers  of  millimoles  8,dsor‘bed  of 
all  8.cids  approach  each  other  but  the  volumes  increa.se 
as  the  molecular  lengths  increase.  This  would  be 
expected  if  tne  orienta,tion  v/ere  in  such  a  way  that 
tne  area  occupied  by  each  molecule  v;ere  txie  same. 

In  tnis  case  an  increa-se  in  lengtn  produces  an 
increase  in  tne  volume  of  the  adsorbed  la,yer. 

In  figure  6,  the  volume  of  ca^proic  a.cid 
adsorbed  is  seen  to  be  less  tnan  valeric  acid.  Tnis 
is  probaibly  due  to  an  exclusion  of  ca.proic  acid  from 
the  small  pores,  an  effect  wviich  would  be  expected  to 
appear  at  sufficient  molecular  length. 

The  results  Kissel ev  and  Shcherba.ko va  obtained 
on  their  charcoal  a.re  similar  to  those  for  ciiarcoal 
5  (table  V) 
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.  TAjbLE  V _ 

Milliinol.es  Fatty  Acids  Adsorbed  by  Cnarcoal  5  (Cnarge 
55}  and  tne  Cna.rcoal  of  Kisselev  a.nd 
Slicherbaicova 


Acid 

Adsorbate 

Cnarcoal  5 
(Cnarge  55) 

K.  and  S. 

.  Charcoal 

Acetic 

5.25 

5.24 

. Propionic 

2.95 

5.17 

Butyric 

2.74 

5.20 

Valeric 

2.41 

2.59 

Capro ic 

2.04 

2,24 

Aga.in  tiiis  is  evident  in  figure  6  wnere  cna-rcoal  5 
is  seen  to  adsord  approximately  the  same  volume  of 
“butyric,  vaMeric  and  caproic  acids,  “but  smaller 
volumes  of  acetic  a.nd  propionic  acids.  This  wa,s  also 
found  by  hisselev  and  Shcher oakova  to  be  the  case  wiUi 
their  charcoal.  It  is  probable,  therefore,  that  in 
the  case  of  these  two  charcoals,  the  screening  effect 
count era-cts  the  difference  in  volume  a.dsorbed  vhiich 
would  otherwise  a-jjpear  as  a  result  of  increase  in 
molecular  length.  For  these  two  cnar coals,  both 
int erpretations  are  equally  valid.  For  cnarcoals  of 
higher  activation,  however,  the  interpretation  of 
hisselev  and  Shcheroa'kova  would  not  apply. 

Adsorption  Areas  -  The  area,  accessible  to  tne  adsoi’- 
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bates  in  eacn  cnarcoal  can  be  computed  by  multiplying 
tile  number  of  molecules  adsorbed  by  uie  area  occupied 
at  tile  interface  by  one  molecule*  Tnese  latter  values, 
calculated  from  SzyszkoT/ski  ’  s  measurements  (Rideo,l 
(12)),  are  24.3fi  for  tne  normal  fatty 

acids  and  25. lA^  for  isovaleric  a.nd  isobutyric  s.cids 
at  tlie  solution  -  air  interface.  The  sarnie  values 
were  found  for  the  aqueous  solution  -  benzene  inter¬ 
face,  and  so  may  be  considered  a.ppiicaioie  to  tne 
solution  charcoal  interface. 

Using  these  values  the  areas  of  tne  charcoa,! 
series  are  calculated  and  are  given  in  table  VI. 


TAhnE  VI 

Charcoal  Areas  (in  per  g.)  for  Acid  Adsorbates 

on  Cha.rge  35 


Ac  id  Charcoal  humber 


Adsorbate 


1 

2 

3 

4 

5 

6 

7 

Acetic 

316 

375 

419 

474 

T78’* 

'544'"" 

"589*“ 

Propionic 

240 

300 

.363 

428 

431 

509 

551 

Butyric 

182 

244 

303 

387 

403 

505 

565 

Valeric 

128 

193 

258 

353 

354' 

468 

538 

Caproic 

109 

162 

194 

288 

300 

387 

441 

I sobutyric 

10  7 

183 

244 

381 

402 

487 

533 

Isovaleric 

76 

148 

189 

281 

332 

459 

478 
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Activation 

During  the  initial  stages  of  the  a,ctivation 
of  cha,rcoal,  pro'bably  a  large  nuiaoer  of  small  pores 
are  formed  hy  oxidation  along  the  cellulose  fibers. 
As  activation  progresses,  tne  average  pore  would 
increase  in  size  and  become  more  accessible  to 
31.1  sizes  of  molecules.  This  is  indicated  by  the 
fa-ct  that  ch.arcoal  a^reas  of  a.li  molecules  approach 
each  other  (table  VI) 

An  indication  of  this  increase  in  pore  size  is 
also  given  by  the  times  for  penetration  of  tne  a.cid 
solutions.  If  we  consider  that  the  slow  process  in 
a.dsprption  is  the  rate  of  migration  of  the  molecules 
into  the  micropores,  and  is  dependent  on  the  size 
of  the  molecule  relative  to  the  pore  size,  we  ma,y 
interpret  the  results  of  table  II  in  the  follovring 
manner. 

The  average  pore  of  cnarcoal  3  is  small 
enough  to  exclude  tne  longer  molecules,  but  large 
enough  to  allow  the  snorter  molecules  to  diffuse 
slov;ly  into  tnem.  Here  screening  is  tne  important 
effect.  Tne  avera^ge  pore  of  cnarcoal.  7,  on  tne 
other  hand,  allows  the  entry  of  all  the  molecules 

and  the  equilibrium  times  depend  on  the  rate  of 
diffusion  of  tne  different  sized  molecules. 
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Furtiier  activation  has  oeen  shown  by  Trost 


tind  korrison  (7)  to  result  in  a  decrease  in  area 
due  to  oreahiny  down  of  pore  v/alls. 

Pore  Siz aui d  ko  1  e cular  Orienta.tion  _ 

An  attempt  will  nov/  be  made  to  calculate  the 
average  pore  radius  of  the  various  charcoals,  based 
on  the  a-rea.s  as  given  in  table  VI,  and  tne  lengths  of 
the  adsorbate  molecules,  Tne  latter  values  are 
computed  from  the  molal  volumes  and  the  crossecLional 
area  per  molecule.  These  vohues  are; 

Acetic  3,9  A 

Propionic  5,1  A 

butyric  6^2  A 

Valeric  7,4  A 

Caproic  8.5^ 

-  To  find  tne  rela/tionship  betwreen  a^rea,  radius 
a.nd  length  of  molecule,  consider  a 
cylindrical  pore  of  radius  R  as  shown 
The  a,cid  molecule,  of  length  1,  is 
oriented  in  such  a  wa.y  that  the 
carDoxyl  group  is  in  tne  pola.r  sol- 
vent,  Y/ater.  The  compactness  of  tne 

film  can  be  seen  to  depend  on  the  size  of  carboxyl 

group.  The  ax'ea,  these  groups  occupy  is  the  a,rea,  of 
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cyliader  of  radius  (R  -  1)  or 

=  Z  V'  h(R-l) 


i-i  J 


i3iff  ereu  tia  bii'io  A  retipec  u  to  1  ^ives 


^  -  Z  -Txh 

d  1 


h 


or 


cLB. 

27r  c^i 


Suostitutin:-'' 


tnis  value  of  n  in  (1)  v^e 


yet  an  expres¬ 


sion  for  R: 


/?  =  -  ^/dA  -f.  1 

Tne  values  of  dA/dl  can  be  found  froui  tne 
gra.pns  of  tne  area  for  each  adsorbate  on  eac.a  adsor¬ 
bate  molecule.  These  curves  for  tne  fatty  acids 
a.re  given  in  figure  7  and  txie  va.lues  of  R,  C3.1culated 
froiii  tiiem,  are  given  in  Ta-ole  VII. 


TAbLR  VII 


Average 

Pore  i 

.adii 

for  Cnarcoals  of 

Ciiarge 

35 

Acid 

Adsorbate  ^ 

-  —  ± 

0 

Values  of 

K  _^in_> 

Cnarcoals 

_ 1^__ 

_ 2 

3 

4  ^ 

^  5 

_  6  _ 

7 

Acetic  3.9 

8.9 

9.9 

12.5 

15.7 

^15".  9 

22.6 

22.3 

Propionic  5.1 

10.0 

11.3 

12.5 

15.8 

15.9 

35,1 

10.6 

Butyric  6.2 

9.9 

11.4 

12.4 

15.6 

16.3 

34.2 

100.4 

Va.leric  7.4 

10.0 

11.5 

12.7 

16.2 

16.3 

16,4 

64.0 

Caproic  8.5 

14.7 

14,3 

12.5 

X5 , 7 

16.0 

13.7 

93,8 

Average 

10.0 

11,4 

12.5 

15.7 

16.1 

1 
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No  constant  values  for  tiie  average  pore 
radii  of  ciiarcoals  6  and  7  can  be  obtained  since, 
as  has  already  been  stated,  the  pores  are  pro¬ 
bably  no  longer  regular  in  shape  or  size.  The 
valnes  of  tne  others,  however,  are  in  fairly  good 
agreement  with  those  obtained  by  Nineman,  Guest 
and  McIntosh  (11),  who  found  the  average  pore 
size  for  a  similar  charcoal  series  to  be  11  2. 

These  workers  used  the  Kelvin  equation  and  the 
water  isotherms  to  ootain  this  value. 

It  Should  novf  be  possible,  on  the  basis 
of  these  calculations,  to  determine  tne  orienta¬ 
tion  of  other  adsorbate  molecules  by  calculating  the 
va.lues  of  1  (the  thickness  of  tne  adsorbed  layer) 
and  comparing  these  to  the  dimensions  of  the  molecule 
This  i'iia.y  be  done  a,s  follo'ws: 

Equation  (1)  gives  the  area  of  tne  adsorbed 
layer;  also 

A  =  m  N  s 

where  m  is  the  nuihoer  of  moles  a^dsorbed,  N 
is  Avog'adro’ s  number  a.nd  s  is  tne  area  presented  a,t 
the  interface  by  the  adsorbed  molecule.  Equation  (l) 
oecomes 

(2i 


rn  N$  =  z-'TT  h  (  /?-!) 


Since  ra  and  R  are  nnov;n, 


v  lue  of  cLa/dR  ca.n 
De  evaluaced  frjjVi  a.  ^ra.pn,  fhue  by  dix ieientic/ciun 
ne  fedt: 

_  7^^  h 

c4 ~  ^ 


^  "  ^TT  ciR 

and  by  substituting  this  value  for  n  in  (l)  v;e 
arrive  at  txie  value  for  1: 


1  =  n  - 

dr 


Til  is  equation  x/iay  oe  tested  by  dete  mining 
the  value  of  1  for  isobutyric  and  isovaleric  acids 
and  comparing  tnese  to  tne  values  calculated  from 
the  xaolar  volumes. 

Tiie  length  of  isovaleric  acid.,  as  found  from 
this  equa, Lion,  is  7,3  ^  .  ITrom  liquid  density  it 
is  7.1 4,  -wnicn  is  within  3^. 

Isobutyric  acid,  iiov/ever,  ano?/s  a.  us.rhed 
difference  with  7.0/4  from  the  equa.tion  and  6.l4  fr^im 

the  licfuid  density.  This  di sagreeuient  mcy  i-idic-ate 
a  difference  in  orientation  between  the  normal  -axid 
isovaleric  s.cids  on  the  one  ha.nd  and  iso ou eyrie  on 
th  e  0  tn  e  r . 

X-ra.y  studies  made  by  Riuiler  (13)  on  mie 


vior.ar?.!  fatty  acids  na.ve  siiown  oua  t  trie 


acid  cii.a.i,a£ 

are  at  an  a.nyie  to  U-^iC  crystal  i'ace  in  u..j.c  sorid 
s  i:a  t  e  •  Since  y i  i  s  a,l  1  ow  s  i  o  i‘  o  e  « t  e  r  pa  ck  i ny , 

it  ni^-nt  oe  expected  to  occur  at  tne  ix-iterface 


po  tilting  is  possible  in  tne  C3.se  of  isooutyric 
acide 

jt  now  oecoiues  necessary  to  reca-lcula.te  tne 
values  for  H,  based  on  a,  itore  accurate  value  for 
1,  obte.iried  from  tne  expression 

1  =  n  sin  c\ 

luiere  L  = 


lengtn  of  itolecule  from 
•lieu id  density, 


^  =  appro xi.aately  60 “  .  fne 

revise d  '^ral a e s  of  1  n ill  o e  : 

propionic  4,4  ^ 

butyric  0,4  ^ 

v-aler  ic  6  ^  4  A 

caproic  7,4 

Acetic  remains  uiie  same,  since  it  possesses  no 
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hydrocarbon  cnain. 


A  new  evalua/tion  of  R  for  tiie  first  five 


ciiar  coa. 


Is  gives  the  following  results: 


Ciiarcoal  1 
Cha.rcoal  2 
Cha.rcoal  3 
Charcoa-1  4 
Charcoal  5 


9.0 

10*5  a 

11.6  A 

14.9  A 
15.5 


Finally,  a  recalculation  of  1  for  isooutyric 
a.nd  isovaleric  acids  give  <6,4  for  isooutyric,  a 

■f  O 

5/i?  agreement  with  L,  and  6.6  for  isova.leric,  a 
1%  agreement  v/ith  the  L  sin  value. 

Orientation  of  the  Dicarbo^lic  Acids 


Wlien  applied  to  the  dica.rboxylic  acids,  the 


above  treatment  yields  t/ie  following  values  for  1: 


0.5  : 


'Malonic  acid 
Succinic  ax  id 
Olutaric  acid 
Adipic  acid 
Fumaric  acid 
Maleic  acid 

Oxalic  acid  gives  a  negative  value  so  is 
omitted.  Fo  explanation  can  be  offered  for  the  lov/ 
value  for  fumaric  acid  but  it  is  probable  tha,t  it 
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Hijfcr q£en  Areas 

The  molar  volume  of  liquid  nitrogen 
is  34.6  ml.  That  for  water  is  18  ml.,  wnile  tne 
smallest  molar  volume  of  the  acid  adsorbates  is 
57.3  ml.  (acetic  acid).  It  is  probable  that  t.ie 
screening  effect  is  a  function  of  tne  molar 
volume  of  the  adsorbate.  It  is  unlikely  that 
water  would  restrict  the  penetrability  of  the 
acids. 

The.adsorpt ion  area^chosen  for.  the 
nitrogen  molecule  is  13.8  A  .  This  was  found 
by  Gaudin  and  Bov/dish  (14-)  for  nitrogen  adsorbed 
on  glass  spheres.  The  areas  calcula.ted  frora 
this  value  are  given  in  table  VIII. 

,,  TABLE  VIII 

•i.;.-  Adsorption  Areas  of  nitrogen  on  Charge  35 


Charcoal- ITo .  1  2  3  4  5  6  7. 

Millimols.s  4.30  6.38  7.59  10.0  11.1  11.8  14.6 
Area  in  m^  401  534  635  837  930  987  1220 


These  areas  indicate  a  much  great er. penetrabil ity 
of  the  nitrogen  molecule  than  the  acid  molecules. 
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^jtajoe 


The  orientation  of  "butane  on  a 
charcoal  surface  is  generally  a.ssumed  to  be 
parallel,  rather  tnan  vertical.  Ho  definite 
proof  of  this  has  been  presented  to  our  knovirledge. 
A. comparison  of  the  butane  adsorption  witn  the  acid 
adsorbates  gives  a  clue  to  what  this  orientation 
might  be. 


The. variations  in  the  millimoles 
adsorbed  for  each  a-cid  on  charcoals  1  to  5  can 
be  attributed  to  two  factors: 

(1)  the  screening  effect  of  small. 

pores,; 


{ 2 )  the:  araount  a,d sorbed  i  i s  s en s i t  ive 
to  the  length  of  the  acid  molecules  in  small  pores 
due  to  tne  na.ture  of  the  packing. 

However  in  cha.rcoals  6  and  7,  tne 
millimoles  adsorbed  a.re  similar  for  acetic,  prop., 
ionic ,  butyric  and  valeric  a.cids.  This  indica.tes 
large  pore  size,  giving  equal  accessibility  a,nd 
similar  packing  for  these  acids.  It  is  assumed 
that  the  butanie  molecule  reaches  the  same  charcoal 
area.  The  area  covered  by  the  individual  butane 
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molecule  can  ‘be  computed  by  dividing  tne  number 
of  butane  molecules  adsorbed.  Tnese  values  are: 

on  charcoal  6  -  20.1 

o  T- 

on  charcoal  7  -  20.0  a 

Q  ^ 

Adam  gives  the  value  of  20.5  a  as  the  limi-cing 
cross-sectional  area  for  hydrocarbon  chains  under 
zero  compression. 

A  t 

This  value  of  20a  for  butane  adsorp¬ 
tion  area,  indicates  vertica-1  orient  ion.  This 
would  be  expected  on  the  theory  of  a.d sorption  by 
induced  dipole  forrna.tion^  which  considers  adsorp¬ 
tion  to  be  a  result  of  interaction  between  surface 
and  adsorbed  dipoles.  Butane  has  zero  perma.nent 
dipole,  but  an  induced  dipole  of  20,49  ml.  a.long 
the  long  axis  and  4.6  ml.  {-CHj.-  group)  along  the 
short  axis,  vertical  orientation  would  favor 
greater  interaction  and .hence . greater  adsorption. 

In  conclusion  it  must  be  noted  that 
ail  calculations  of  area,  pore  radii  and  molecular 
lengths  ma.de  in  this  worh  are  ba.sed  on  trie  a.rea  of 
24.3  for  the  fatty  a.cid  molecule  a.t  t.^e  solution 
charcoal  interface.  They  a.re  therefore  only  a.s 
accurate  as  this  value. 
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sminviARY 

Using  a  series  of  charcoals  ranging 
in  activation,  the  adsorption  from  solution  of 
caproic>,  isohutyric  ,  isovaleric  ,  tr imetnylacet  ic , 
crotonic,  oxalic,  malonic,  adipic,  succinic, 
fumaric  and  maleic  a.cids  were  measured. 

The  adsorption  of  butane  and  nitrogen 
on  tne  same  series  of  charcoals  wa.s  measured 
using  an  Emmett  adsorption  a.ppara.tus. 

Erom  the  results  of .Lemieux  and 
Morrison  for  the  adsorx)tion  of  ascetic,  propionic, 
butyric,  and  valeric  a.cids  on  tne  same  cnarcoal 
series,  and  the  a.rea  occupied  by  one  molecule 
found  from  SzyszkoY/ski ^  s  mea.surements ,  tne  total 
area  reached  by  each  of  these  adsorbates  was 


found . 

An  e qua. t ion  was  derived  giving  the 
pore  radii  of  the  cha.rcoa.ls  from  the  length  of 
the  acid  adsorbates  and  the  total  adsorption 
areas . 

Erom  the  0.dsorption  of  isobutyric 
acid  it  Y/as  found  tnat  tne  acid  molecules  were 
probably  adsorbed  a.t  8.n  angle  to  the  interfa.ee. 
The  pore  radii  of  the  charcoals  .were  recalculated 


on  the  same  basis. 
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The  orientation  of  the  dicarhoxylic 
acids  \vere  estimated  on  tne  same  basis. 

The  nitrogen  adsorption  areas  of  tne 
Ciiarcoa.ls  were  calculated  using  the  area  of  the 
solid  nitrogen  molecule. 

The  adsorption  area,,  and  hence  the 
orientation,  of  a  butane  molecule  on  a  cnarcoa.! 
surface  was  est ima-'ced  . 
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